Introduction-The epidemiology of tamoxifen and venous thromboembolism (VTE) is not well understood, and most data on tamoxifen toxicity are from adjuvant clinical trials. This study examined the relationship between the duration of tamoxifen use in female patients with breast cancer and the risk of VTE in a large population-based setting.
Introduction
Tamoxifen is a selective estrogen receptor modulator approved by the US Food and Drug Administration in 1977, and it remains the most prescribed hormonal/endocrine therapy for treatment and prevention of breast cancer. Tamoxifen use improves mortality rates for those with estrogen receptor (ER) positive breast cancer and decreases breast cancer incidence rates in high-risk women [1] [2] [3] [4] [5] . A review of all breast cancer risk reduction trials estimated a 38% reduction in estrogen-positive breast cancer incidence [6] . Tamoxifen has been associated with significant side effects and complications, including increased risk of endometrial cancer, deep vein thrombosis (DVT), and pulmonary embolism (PE) [7] [8] [9] [10] [11] [12] .
An estimated 207,090 women were diagnosed with breast cancer in the United States in 2010, with 39,840 deaths attributed to the disease [13] . Despite the availability of newer aromatase inhibitors, and more recently generic anastrazole, tamoxifen remains widely used in pre-and post-menopausal women due to its ready availability, relatively low cost and well-demonstrated efficacy. Data on potential tamoxifen-related complications in nonclinical trial settings are scarce, despite more than three decades of tamoxifen use [14] . Previous findings from clinical trials are often invalidated as a consequence of reporting or publication bias. In some studies non-significant findings may result in an underestimation of absolute risk or an overestimation of risk due to unusually high incidence of a particular health outcome [15] . Generally, reporting bias may result in underestimation of risk when surveillance is limited due to an abbreviated follow-up period, which is characteristic of many clinical trials. If an adverse event is not targeted as a primary outcome of a study or has not been identified prior to the study, this may hinder accurate reporting of results. Accurate risk estimation from these trials may also be limited by the inability to identify and capture specific and important clinical characteristics.
A comprehensive study of tamoxifen use performed in a community practice setting may provide wider generalizability than clinical trials. Our study design, from a community health perspective, allowed us to identify patient risk characteristics associated with tamoxifen use relative to length of tamoxifen treatment. The goal of this research project was to better define the epidemiology of tamoxifen-related venous thromboembolism (VTE). This research applied an evidence-based approach in a clinical setting to address a critical clinical knowledge gap in the treatment and care of breast cancer patients.
Materials and methods
The study was approved by the Institutional Review Board of the Marshfield Clinic. Marshfield Clinic is a large multi-specialty, multi-site group practice with regional centers located throughout central and northern Wisconsin. In partnership with St. Joseph's Hospital in the city of Marshfield, Marshfield Clinic has one of the oldest internally-developed combined electronic medical records (EMRs) in the United States [16] , with coded diagnoses dating back to the early 1960's and laboratory observations dating back to 1985. The EMR data collected for clinical care are transferred daily into the Marshfield Clinic Data Warehouse where they are available for approved research. The clinical EMR also provides access to over 60 million free-text electronic clinical documents dating back to 1988.
Study population
The study population consisted of a cohort of 3572 female patients with breast cancer ≥18 years of age who were treated with tamoxifen at Marshfield Clinic. Eighteen percent of the population was deceased. Among patients who died, only 15 terminated tamoxifen at the time (n=3) or within one week of (n=12) of a VTE event (0.4%). 
Data collection
The following data were extracted from the EMR as available for each subject: age, gender, height, weight, body mass index (BMI), diagnosis of diabetes, use of statins and hormone replacement therapy (HRT), blood pressure, lipid measures (low-density lipoprotein, highdensity lipoprotein, triglycerides, total cholesterol), stage of cancer at diagnosis, treatment (tamoxifen dose, surgery, radiation, and chemotherapy), and dates of diagnoses for the events of interest. The pivotal temporal reference point was the date of tamoxifen initiation, and all subsequent patient measures were extracted from the EMR as close in time as possible to that date.
Validation
Manual record review was used to validate various aspects of the electronic coding. Data for 261 tamoxifen subjects had been manually abstracted in a pilot study, and 242 of these subjects (93%) were identified electronically for the current study. The remaining 19 subjects were excluded due to missing or uncertain tamoxifen coding in the electronic record. In addition, cancer staging was obtained manually for 1329 subjects since these data were not captured among registry data for a number of subjects.
Statistical analyses
Standard descriptive statistics were used to summarize important characteristics of the tamoxifen cohort. The primary study outcomes were PE and DVT (i.e., VTE) subsequent to tamoxifen treatment. The numbers of events were summarized by type, both prior and subsequent to treatment, but subjects with prior events were excluded from Cox proportional hazards time-to-event analyses since new incident events may be difficult to distinguish in the EMR, and since event risks are likely different for subjects with prevalent events.
In preliminary analyses, those without prevalent events were divided into quartiles (four equal-sized groups) based on the duration of tamoxifen use observed during the study period. By dividing patients into quartiles of duration of tamoxifen use, we were able to group our patients based on increasing length of exposure to tamoxifen, and for each duration group (quartile) time to VTE was measured from time of initiation of tamoxifen till end of follow-up. The numbers of events subsequent to tamoxifen initiation were summarized in each group for the first five years.
Proportional hazards (PH) analyses were also used to investigate potential confounding by age and other established clinical risk factors. We checked the PH assumption for our primary factor of interest (duration of tamoxifen) by dividing time into three intervals and found no significant interaction of duration and time period (P=0.14). However, time in our analyses is not "survival" per se, but rather time to the first venous event, with time being censored at the most recent EMR observation date in those not having events. While it may seem like the duration of tamoxifen and duration of follow-up are similar, in reality the duration of follow-up is usually much greater. Thus, a patient discontinuing tamoxifen in year 1 may still be followed up for 15 years. Since the relative risks for adverse events on a drug may change with duration of exposure [17] , the methods described below were used to incorporate tamoxifen duration as a time-varying covariate in the time-to-event analyses. A covariate, "years of use", was defined as the duration of use in years, which was 0 at initiation and increased until tamoxifen was stopped, at which time it equaled the total duration of use and remained at that value until the end of the patient's observation time. The assumption of linearity in the effect of duration was investigated using restricted cubic splines [18] , but the spline adjustments were not statistically significant, and we report only results for linear effects for age here. Results for the proportional hazards analyses were obtained with and without adjustment for age and other established clinical risk factors. BMI and hospitalizations were coded as categorical variables. For 19% of the cohort BMI was unavailable, so in those cases overall mean value was used in categorization. Results from the proportional hazards model were summarized with the estimated hazard ratio per year of tamoxifen duration (HR) and 95% confidence limits, and the significance of these comparisons was tested with Wald chi-square statistics.
Results
Descriptive values for the study population are shown in Tables 1 and 2 . Patient median age was 62; median BMI was 28.6 kg/m 2 (which is considered "overweight"); median blood pressure was borderline hypertensive, and median lipid measures were consistently within normal or even optimal ranges. The latter finding, in conjunction with data indicating statin use by 37% of subjects, indicated that lipid levels represented were in part clinically normalized. Breast cancer stage was most frequently Stage 1 (45%); and 68.7% of subjects had undergone surgery as a treatment option. DVT or PE prior to tamoxifen use occurred in 2.5% (92/3527). Among the 3435 women without prior DVT or PE, 8.4% (289/3435) experienced DVT or PE after initiation of tamoxifen therapy. Among the 289 who had events after initiation of tamoxifen, the incidence in 25 women (8.7%) occurred within 5 days of last recorded tamoxifen exposure, while 136 women (47.1%) experienced thromboembolic events sometime later following tamoxifen discontinuation.
Median duration of tamoxifen use by quartile was as follows: 1st Quartile 0.5 years, 2nd Quartile 2.1 years, 3rd Quartile 4.1 years, and 4th Quartile 5.1 years. Fig. 1 shows the cumulative 5-year incidence of VTE by quartile of duration of tamoxifen. This plot demonstrates increased VTE risk at early time points in the first two quartiles compared to the last two quartiles of duration of tamoxifen use.
If there is a lower incidence when a subject belongs to a longer duration group this could suggest that tamoxifen protects against VTE. We actually found this (Fig. 1) , but we know, based on knowledge of the drug, that tamoxifen cannot possibly protect against VTE. Rather, we conclude that this represents discontinuation of the drug early in the two shorter duration groups because of clustering of VTE with onset of tamoxifen; thus, Fig. 1 does not tell the full story (and thus is not our primary analysis) but serves to illustrate an important point. We followed this up by an analysis that accounts for variability in duration of tamoxifen use over time. Table 3 reports results of analyses using time-varying covariates to model duration in the proportional hazards regression analysis of tamoxifen duration and VTE hazard. The hazard ratio implies that at any given time, the odds that an event will occur in those on longer duration of tamoxifen compared to another individual is significantly greater (P <0.0001). Hazard ratios and associated P values showed little variation with or without adjustment (all P values <0.0001). The reason for the apparent discrepancy between results from the latter analysis (Table 3 ) and the analysis in Fig. 1 is that a large subset of patients clustered around 0.5-2 years of tamoxifen treatment developed VTE early on (Quartiles 1 and 2), while events appeared more widely distributed over time for the remaining patients. In summary, overall early clustering following tamoxifen initiation led to the appearance of a relatively higher event rate in an early period following tamoxifen initiation (Fig. 1) . Those that did not have an early event were then at increased risk for a later event albeit at a lower rate, but this risk increased over time and was not attenuated by the conventional risk factors for VTE.
Discussion
The clinical association between VTE and cancer is well established, with an overall risk for VTE elevated 7-fold in patients with cancer. Notably, breast cancer is associated with one of the lowest risks [4] . Based on the experiences of patients exposed to tamoxifen during the past 30 years, epidemiological evidence suggests tamoxifen use is associated with an increased incidence of VTE. Adjuvant hormonal therapy with tamoxifen is thought to increase the risk for VTE, independent of the breast cancer diagnosis [4] . A recent population-based study suggests that the first 2 years after the initiation of tamoxifen therapy may be the most crucial time for monitoring VTE risk, particularly in older women [9] , and studies of chemoprophylaxis in women without a breast cancer diagnosis also suggest an increased risk for PE and DVT with tamoxifen use [19] . The fact that some previous studies report a "decrease" in risk of VTE over time with sustained use [9] is consistent with this clustering effect, but this issue remains understudied, and existing published reports on this issue have not provided consistent conclusions.
Among our cohort of women exposed to tamoxifen, the rates of VTE over the same early window of follow-up were clearly higher amongst those in the lower quartiles of duration of tamoxifen use compared to those in the higher quartiles (Fig. 1) . Simple analyses of incidence seem to suggest that something has changed at the individual level. However, it is in fact the population risk that has changed. The fact that many medication effects vary by duration is well known [17, 20] . Clustering of estrogenic effect or other side effects within the first year or more of starting estrogen or tamoxifen, similar to our finding, has been reported by others [9, 21] . For example, summary estimates of endometrial cancer risk among individuals on estrogen has also been reported to be higher within about a year or more of starting estrogen [21] .
Early clustering of events may be the result of a combination of VTE effect of tamoxifen and conventional risk factors of VTE such as age, obesity, cancer stage, and immobilization due to hospitalization. The fact that these early events could have occurred in those who might have had more of such conventional risk factors of VTE is supported by data from the literature. There is evidence of a link between atherosclerosis and VTEs which suggests that tamoxifen triggers some of these common mechanistic pathways [2] . There is also evidence that common VTE risk factors tend to be associated with the earlier development of VTE on tamoxifen [7] , similar to the effect reported for HRT [22] . It is therefore plausible that in those individuals with risk factors, emergence of VTE following tamoxifen exposure occurs early, while others without risk factors are at a considerably lower risk of VTE following tamoxifen exposure. This explains the possible clustering effect of venous events occurring in a subset of patients around the first 6 to 12 months on tamoxifen.
When duration of tamoxifen use was entered as a time-varying covariate in the proportional hazards model, there was an apparent reversal in the trend, and the hazard of VTE events was greater in those with persistent ongoing use over time. This discrepancy between the analyses simply suggests that longer duration quartiles would have been 'depleted' of patients at high risk for the VTE event, either through having the event itself and stopping tamoxifen or through having warning symptoms leading to discontinuation before the event occurred [17] . The effect works by changing the population at risk, and hence changing the estimate at a population level even though nothing may be changed at an individual level [17] . This is because the initial clustering leads to selection of a lower risk population on tamoxifen in the later years. This might suggest that those on tamoxifen had lower rates of VTE over time, but this conclusion would be erroneous, although such instances have occurred in the literature [9, 23] . In our study, those with longer duration of tamoxifen utilization eventually showed higher event rates after adjusting for initial clustering that led to discontinuation of tamoxifen. Adjustments for other clinical or demographic factors had little effect on the results using duration as a variable length of exposure covariate, indicating that long-term tamoxifen therapy itself remains an important independent factor for increased thrombotic risk.
There are several limitations to the present study. First, there was no truly unexposed control group for comparison; all cohort members were "exposed" to tamoxifen for varying lengths of time. This lack of a control group limited our ability to determine how the event risk may change over time in the absence of tamoxifen. Secondly, data were not available on the reason for tamoxifen discontinuation or precisely when discontinuation occurred, since our data defaults to the last clinic verification of a prescription for tamoxifen. Therefore, although there was not an absolute temporal sequence from VTE to tamoxifen discontinuation in every case, the sequence was close enough to suggest that it was generally the thromboembolic event itself that limited the duration of therapy, and the clustering we demonstrated suggests that this is indeed the case. Furthermore, occurrence of approximately a quarter of the events in the first year of follow-up supports our conclusions.
Conclusions
In our study population, tamoxifen use appeared to lead to a clustering of the VTE events at the start of therapy. Notably, a persistent effect on VTE events for women with sustained exposure to tamoxifen over time was also noted. We believe these results suggest that the initial clustering seen in the first year of use may represent other pre-existing risk factors in addition to risk contributed by tamoxifen. VTE is a serious life threatening condition with significant morbidity and mortality [24, 25] . Observations from this study, therefore, have implications for breast cancer treatment, since enhanced ability to identify determinants which contribute to early VTE events in women on tamoxifen would support individualization of therapy with less stringent follow-up requirements for women at lower risk, thereby decreasing frequency of tamoxifen-induced occurrence of this potentially lifethreatening complication in those with breast cancer. Cumulative incidence of VTE in the first five years by quartile of tamoxifen duration This plot demonstrates the early clustering of events associated with early discontinuation of tamoxifen. 
